Abstract This paper studies delay-dependent robust stability problem for neutral system with mixed time-varying delays and nonlinear perturbations. Based on the delaydividing approach, a novel Lyapunov functional is constructed, and a novel delay-dependent stability criterion is derived to guarantee the robust stability of the neutral system. Expressed in terms of linear matrix inequalities, the stability condition can be checked using the numerically efficient Matlab LMI Control Toolbox. Two numerical examples are provided to demonstrate the effectiveness and the reduced conservatism of the analysis result.
Introduction
A neutral system that involves time delay in both state and state derivative simultaneously is encountered in various areas, including population ecology [1] , distributed networks containing lossless transmission lines [2] , heat exchangers, robots in contact with rigid environments [3] , etc. Due to its wider application, stability analysis of neutral systems with timedelay is thus the focus of theoretical and practical importance in the last two decades, with many scholars recently paying attention to delay-dependent stability criteria [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , generally less conservative than delay-independent ones.
It is well known nonlinearities, as time delays, may cause instability and poor performance of practical systems, which have driven many researchers to investigate the problem of nonlinear perturbed systems with mixed delays [7, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In [12] [13] [14] , based on a descriptor model transformation combined with an integral inequality approach, the robust stability of neutral systems with nonlinear parameter perturbations is studied. However, these model transformations often introduce additional dynamics which leads to relatively conservative results. Moveover, in [13] , the derivative of the discrete delay is\1 which limits its bigger application. The free-weighting matrix method was proposed in He et al. [4] [5] [6] to study the delay-dependent stability, in which the bounding techniques on some cross product terms are not involved. By using the free-weighting matrix approach, the authors in [15] have studied the robust stability of time-delay neutral systems with nonlinear parameter perturbations. Although this method produces better results in comparison to some existing ones, it is often associated with an increment in variables. In addition, the utilization of augmented-type Lyapunov-Krasovskii functionals presented in [19, 20] have provided significant improvements on the stability results for neutral systems. Recently, a piecewise delay method introduced in [18] and [22] have made their stability criteria less conservative. While the proposed method in the above literatures needs to decide more possible variables and LMIs which may increase the complexity of the computation. In [16] [17] [18] [19] [20] [21] , by dividing the delay interval into multiple segments, a new Lyapunov-Krasovskii functional is constructed with different weighting matrices corresponding to different segments in the LyapunovKrasovskii functional. The delay-dividing method is useful for reducing conservatism of the analysis result.
In this paper, the problem of robustly delay-dependent stability for neutral systems with mixed delays and nonlinear perturbations is studied. Motivated by [21] , a novel Lyapunov functional is introduced with the time-varying delay divided into different segments, and a new delay-dependent stability criterion is obtained without employing freeweighting matrices. The proposed criterion is both delaydependent and rate-delay dependent, and the method in this paper have turned out to be less conservative than some existing methods. Finally, a numerical example is given to demonstrate the effectiveness of the proposed method.
Notation: Throughout this paper, T stands for matrix transposition. R n is the n-dimensional Euclidean space. R nÂm is the set of all n Â m real matrices. Cð½Àd; 0; R n Þ stands for the Banach space of continuous functions mapping the interval ½Àd; 0 into R n , with the topology of uniform convergence. I denotes the identity matrix of appropriate dimensions. P [ 0 means that P is positive definite matrix. Ã represents the elements below the main diagonal of a symmetric matrix.
Problem statement
Consider the following neutral system with mixed timevarying delays and nonlinear perturbations where xðtÞ 2 R n is the state vector, A; B; C 2 R nÂn are constant matrices with appropriate dimensions. hðtÞ and dðtÞ are time-varying discrete delay and neutral delay respectively, which satisfy 0 hðtÞ h\1; j _ hðtÞj l; 0 dðtÞ d\1; _ dðtÞ m\1; Therefore, sðtÞ represents a partition of the time-varying delay hðtÞ, which satisfies 0 sðtÞ s\1
where
The following lemmas and definition are introduced, which will be used in the proof of the main results. 
The operator D : Cð½Àd; 0; R n Þ ! R n is defined to be DðtÞ ¼ xðtÞ À Cxðt À dÞ: Its stability is defined as follows Definition 1 [24] The operator D is said to be stable if the zero solution of the homogeneous difference equation 
Stability analysis
In this section, we present a delay-dependent robustly stable criterion for the system (1) with uncertainty (3) by using a delay-dividing approach.
Theorem 1 For given scalars a; b and c, system (1) with uncertainty (3) and mixed time-varying delays satisfying (2) is robustly stable if D is stable and there exist positive definite matrices
. . .; N; j ¼ 1; 2Þ, and scalars e j ! 0ðj ¼ 1; 2; 3Þ, such that the following symmetric linear matrix inequality holds:
where with 
where the unwritten are zero blocks and
Proof Choose a Lyapunov functional candidate for the system (1) to be
. . .; N; j ¼ 1; 2Þ are to be determined.
C ¼ ðA; B; 0; C; 0; I; I; IÞ; 
Next, taking the derivative of VðtÞ with respect to t along the solution of system (1) yields
Then combing Eqs. (11-15), we derive . . .;
Using the Schur complement Lemma,
is equivalent to (5) . It is easy to see that results in _ VðtÞ\0 from (18) . Therefore, according to Hale [24] , if the operator D is stable and there exist symmetric positive definite matrices
. . .; N; j ¼ 1; 2Þ, and scalars e j ! 0ðj ¼ 1; 2; 3Þ such that the LMI (5) is satisfied, then system (1) with uncertainty (3) is robustly stable. This completes the proof.
Remark 1 Theorem 1 gives a delay-dependent and ratedependent stability criterion for system (1) by employing a delay-dividing approach as in [21] . However, in [21] , the author obtained the stability results by dividing the constant time delay into several components. In our paper, we study the robust stability problem for time-varying delay systems. By dividing the time-varying delay into multiple segments, a new Lyapunov-Krasovskii functional is constructed with different weighting matrices corresponding to different segments in the Lyapunov-Krasovskii functional. Although a piecewise delay method introduced in [18] and [22] have made their stability criteria less conservative, more possible variables and LMIs must be decided which make the computation quite complex. In Theorem 1, a delay-dividing approach is proposed to estimate the upper bound of the derivative of Lyapunov functional without using as more as possible decision variables. Compared with those in [13] [14] [15] [16] [17] [18] , the method in this paper is more useful.
Remark 2
In [25] , discretized Lyapunov functional method is mainly used to discuss the stability of a class of constant time delay systems. The advantage of this method is that the estimation of the upper bound of delays ensuring system stability can be very close to its real value. However, the algorithm of using this method is complicated. Moreover, it has two limitations: firstly, this method can only be applicable to systems with constant time delays, while it fails for systems with time-varying delays; secondly, it is difficult to be extended to the synthesis of a control system. While in this paper, a delay-dividing approach can be applied to systems with time-varying delays, and it is very important role in reducing conservativeness of our results.
Remark 3 If dðtÞ d, or dðtÞ d and hðtÞ h, then system (1) reduces to the following system, respectively:
; tÞ þf 2 ðxðt À hðtÞÞ; tÞ þ f 3 ð _ xðt À dÞ; tÞ; xðhÞ ¼ /ðhÞ; _ xðhÞ ¼ uðhÞ; 8h 2 ½À maxðd; hÞ; 0;
or _ xðtÞ ¼ AxðtÞ þ Bxðt À hÞ þ C _ xðt À dÞ þ f 1 ðxðtÞ; tÞ þf 2 ðxðt À hÞ; tÞ þ f 3 ð _ xðt À dÞ; tÞ; xðhÞ ¼ /ðhÞ; _ xðhÞ ¼ uðhÞ; 8h 2 ½À maxðd; hÞ; 0:
Then, according to Theorem 1, we have the following corollaries for the delay-dependent stability of system (19) and (20), respectively.
Corollary 1 For given scalars a; b and c, system (19) with uncertainty and mixed time delays is robustly stable if D is stable and there exist positive definite matrices
wherê C ¼ ðA; B; C; 0; I; I; IÞ; 
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Proof Choose a Lyapunov functional candidate for the system (19) to be
Next, similar to Theorem 1, we can get the result of Corollary 1. This completes the proof.
Corollary 2 For given scalars a; b and c, system (20) with uncertainty and mixed constant delays is robustly stable if the D is stable and there exist positive definite matrices
here witĥ 
Illustrative examples
In this section, we use two examples and compare our results with the previous ones to show the effectiveness of ours.
Example 1 Consider the following system as in [18] with: 
where a ¼ 0:1; b ¼ c ¼ 0:05. Let m ¼ 0:6; l is unknown. We apply Theorem 1 to calculate the maximal upper bound of d ¼ h ¼ 4:9423 which guarantees the robust stability of the system for N ¼ 3. However, applying criteria in [16] and [18] , the maximum value of d ¼ h for the above system is 3.9563 and 4.6235, respectively. It can be seen that our proposed stability criterion is less conservative than those in [16] [17] [18] .
Example 2 Consider the following system as in Han [13] and Zhang [14] with: Table 1 illustrates the numerical results a ¼ 0 and a ¼ 0:1, respectively. It is easy to see from Table 1 that the maximum allowable delay h decreases as c increases. In addition, it can be seen that our proposed stability criterion gives a much less conservative result than those in [13] [14] [15] [16] [17] [18] .
Case II Next, we will consider this case that the discrete delay and the neutral delay are all time-varying. Table  3 . Obviously, the stability criterion in [13] cannot be applied to this case in that the derivative of the discrete delay is \1. From Table 3 , as c increases, h decreases. When 0 c 0:42, it can be seen from Table 3 that the proposed method in this work provides a less conservative delay bound in comparison to the one in [18] . But, when c ! 0:43; the proposed stability criterion in [18] gives a much less conservative result than those in our paper.
Conclusion
This paper has discussed robust stability problem for neutral systems with mixed time-varying delays and nonlinear perturbations. Based on a novel Lyapunov functional method and linear matrix inequality technology, delaydependent stability conditions are derived by using a delaydividing approach. The proposed criteria are both delaydependent and rate-dependent. Two numerical examples are given to demonstrate the effectiveness of the proposed method. 
